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ABSTRACT 
Coinmonly used figure-of-merits for longitudinal road profiles 
such as the Intemational Roughness Index (IN) and the Ride 
Nuniber (RN) are based on statistical properties. Raw measured 
longitudinal road profile data may contain large trending 
components especially when the measurements are made with 
walking profilers in hilly regions. To obtain approximate 
stationary data suitable for statistical processing measurements 
should be subjected to detrending before calculating the IRI- or 
RN- value. In this paper a novel detrending method is proposed 
which is well suited for removing large profile trends without 
significantly corrupting the short wavelength content of the 
profile data. The method called sub-hannonic detrending works 
by fitting sub-hamionic sinusoids to the data followed by circular 
filtering in order to remove the trend. The method is also well 
suited for data-smoothing. 
1. INTRODUCTION 
When measuring longitudinal road profiles with certain types of 
profiling equipment such as walking profilers trends are most 
often introduced in the measured data. In order to be able to 
use statistical methods to characterise road profiles we have to 
obtain data which obviously are more close to be stationary than 
the data shown in Figure 1. As further described in [ l ]  and [ 2 ]  
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Figure 1 : Typical mountain profile 
the purpose of removing trend is to obtain approximate stationary 
data prior to calculation of statistical profile indices such as IRI 
(Intemational Roughness Index) and RN (Ride Number). 
Othenvise those profile indices may be quite misleading. A 
typical example of a road profile with trend is shown on Figure 
1. The measurements of this profile are made by a walking 
profiler and are made available for this project by Transit New 
Zealand. The conventional way of removing trend a process 
normally called detrending may be perfotmed by doing data anti- 
smoothing by linear high pass filtering or data anti-smoothing by 
spline approximation or polynonlial curve fitting as described in 
[I]. Especially the polynomial curve fitting is very popular but 
with the drawbacks of smoothing the data with unbounded 
functions as well as being numerically ill-conditioned. From a 
road profiling point of view the long wavelength contamination of 
the shorter wavelengths by the detrending processes niay give 
rise to considerable errors in the calculated roughness index. 
In this paper an alternative detrending method is proposed based 
on sub-hamionic fitting and circular filtering. First the measured 
data is fitted in a bounded and smooth way by the aid of sub- 
haniionic sinusoids. By this we are artificially increasing the 
observation length creating a continuos and smooth periodic 
function well suited for DFT-processing. In the actual case the 
increase is by a factor of four well knowing that the result is 
dependent on tlie way this is done. The difference between the 
tme profile prolonged with the artificial profile and the trending 
sub-hannonic sinusoids is called the sub-hamionic detrended 
function. The detrended function. however, is tlie fiinction that 
appear after circular filtering of sub-hamionic detrended 
function. 
2: SUB-HARMONIC FITTING 
The method works by fitting 
sinusoids a,( I )  
the profile with sub-hannonic 
oftlie following fomi: 
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I o  is the total length in meters of the measured profile and I is 
the running length. &, AI, A2, cpl, cp2 and cpj are free parameters 
which are defined by the approximation process. More sub- 
harmonic terms may be added but in the present case it has been 
found appropriate to consider the above four temis. Notice that 
the sub-harmonic sinusoidal function as( t) is periodic with a 
period four times the total length C . 
Two solutions for the unknown variables above have been 
investigated: 
I .  Two sub-harmonics. By setting & a free parameter, A;=O 
and cp& it is possible to find an analytic solution for the rest 
of the parameters AI, A?, cp l  and cp2 by applying the 
constraint that the function values and the values of the first- 
order derivatives at the endpoints are known. 
2. Tree sub-harmonics. All parameters including A3 and cp3 are 
defined by applying the constraints that the sub-hamionic 
function a,([) should fit the measured profile at two 
intermediate points i.e. for E = C ,  / 3 and C = 2C, / 3 as 
well as satisfying the constraints corresponding to case 1. 
2.1 Two SUB-HARMINICS 
By considering the DC-level A. as a free parameter the 
following four equations may be set up corresponding to case I .  
a ( C , ) - A , = - A ,  coscp, -A2sincp, 
a(O) -A,=A,  C O S C ~ ~  + A ,  COS(P, 
I O  1 --a'(O)=-A, sincp, - -A ,  sincp, 
R 2 -  
c 1 o a t ( ~ , ) = ~ ,  sincp, - - A ~  sincp, 
71 I 
The above four equations are readily solved for the unknown 
parameters AI,  cpl, A2 and cp2 with the following result. 
- f i . cos( (p ,  +;) 
5 
4 
3 z 
$ 2  
5 1  0 
3 0  fll 
w 
5 
k 
W 
-1 
-2 
-3 
0 1000 2000 3000 4000 5000 6000 
DISTANCE(METER) 
Figure 2. Artificial profile cx., ( t )  and fitted sub-hamionic 
sinusoids. Two sub-hamionics. 
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Figure 3. Artificial profile (x , (C) and fitted sub-hamionic 
sinusoids. Three sub-harmonics. 
2.2 THREE SUB-HARMONICS 
In this case we are obtaining six equations with the six unknowns 
parameters AI,  cpl, A2, c p 2  . A j  and cpj considering the DC-level 
A0 a fiee parameter. The two additional equations are obtained 
by adding the constraint that the subhannonic function should f i ~  
the data at C = I (, / 3 and at I = 2 C , / 3 . Due to the limited 
space available those six equations will not be shown in this 
paper. It has, however, not Ibeen possible to find an analytical 
solution for the six parametec;. Instead a Newton iteration has 
been applied using as starting values the analytic solution &om 
subsection 2.1. The details as well as the convergence 
properties of the Newton iteration shall not be considered further 
in this paper. but the process has been found to work quite 
satisfactory in solving the above described class of problems. 
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3. ARTIFICIAL PROFILE 
The sub-hamionic fitting processes described above have been 
tested on an artificial profile, 
a,( c) = 1 - - 1))- 2 
L O  
with the profile length: C O  = 1500 meter. Notice that 
a,(e=0)=2 and a,(C=C,)=O. In Figure 2 and Figure 3 
are shown the sub-hamionic functions together with the artificial 
profile corresponding to fitting method case 1 and case 2. 
Notice that both h c t i o n s  are periodic with a period of 6000 
meter or 4 times the profile length C O  . The main advantage of 
the described fitting process has been to create a continuos 
periodic function with continuos derivatives. By this the Fourier 
series expansion converges much faster than without fitting with 
less contamination of the high frequency content. The 
computation of the Fourier series or spectrum by a conventional 
DFT [7] requires a four times longer expansion. This obviously 
is a drawback but with modem computing technology this is 
not a serious drawback. The advantage of applying subhaniionic 
fitting followed by subharmonic detrending compared with 
conventional windowing methods [4,5,6] cannot be 
overestimated. Which of the fitting methods should be applied 
depend on the appropriate application. 
4. MEASURED PROFILE 
Now let us retum to the measured mountain profile from Figure 
1. Due to the short wavelength content of the profile we have to 
estimate the endpoints and the first-order derivatives by some 
simple smoothing process. We have chosen to fit in a least- 
square way two straight lines to the measured data. One to the 
first 2.5 meter ( I O  sample points) of the measured profile and 
one to the last 2.5 meter. The first-order derivatives of the sub- 
harmonics are estimated as the slope of these lines. Also the 
endpoints are replaced by the values deteniiined by the lines. By 
this a small change of the first and last sample may be expected 
avoiding abrupt changes in the detrended data. In Figure 4 and 5 
are shown sub-harmonic fitting curves corresponding to case 1. 
and case 2. described above. It is noticeable that case 2. with 
three sub-harmonics gives a better approximation in the profile 
band but much larger oscillations outside the band. This also 
holds true when comparing with the artificial profile in Figure 3. 
As the outside-band trend may be considered an attempt to 
extrapolate the true profile it appear to be reasonable to chose a 
method that keeps the outside-band oscillation at a realistic level 
at the expense of an extended inside-band trending error. 
We are compromising by using case I .  with two sub-haniionics 
in the following. Now let us compute the (DFT) of the 
difference between the mountain profile above and the sub- 
harmonic fitting functions corresponding to Figure 4. We are 
using a DFT that is four times as long as the mountain profile 
itself with the difference function or sub-harmonic detrended 
function padded with zeros from the end of the measured profile 
until the end of the sub-harmonic function. As the length of the 
extended profile is 2306 meter a removal of the first 23 
harmonics from the DFT followed by an inverse DFT 
correspond to complete removal of all wavelength greater than or 
equal to 100 meter from the measured profile. Notice that 
wavelength from 96 meter and shorter are preserved. The result 
of this process also named circular filtering or circular anti- 
sinoothing is shown on Figure 6 and Figure 7. 
It is noticeable that the introduction of the sub-haniionic trending 
function and the removal of this function by circular filtering do 
not contaminate the short wavelength contend of the profile. On 
the other hand it must be explicitly stated that the actual selection 
of the trending fbnction indirectly influences the result of the 
filtering process. If we as an alternative had selected a trending 
function according to case 2. with three sub-hamionics a slightly 
different result of the anti-smoothing process would have been 
obtained at the long wavelength end of the anti-smoothed 
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Figure 4. Mountain profile and fitted sub-haniionic 
sinusoids. Two sub-haniionics. 
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Figure 5. Mountain profile and fitted sub-hamionic 
sinusoids. Three sub-harnionics. 
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Figure 6. Subhaniionic detrended and smoothed detrended 
profile. Smoothing is perfomied by deleting all hannonics 
greather than 23 or Wavelengths shorter than 100 meter. 
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Figure 7. Anti-Smoothed function or difference between the 
true profile and tlie smoothed detrended profile from Figure 
6. 
function. 
On Figure 6 it is difficult to see the difference between the 
subhaniionic detrended and smoothed detrended profile, but the 
difference is shown iii Figure 7 .  The result shown in Figure 7 is 
our final result conceming anti-smoothing or removal of long 
wavelengths from the short road profile shown in Figure I. It is 
also rather surprising that tlie resulting anti-smoothed or 
detrended function shown in Figure 7 is quite insensitive to the 
selection of tlie sub-haniionic detrending function corresponding 
to the fitting of two or three sub-haniionic hnctions as 
discussed in subsection 2. This only holds true when we are 
removing the same number of haniionics by circular filtering. 
The optimal selection of sub-hannonic fiinction as well as the 
estimation and introduction of higher order sub-hamionic 
derivatives are still subject to investigation. 
CONCLUSION 
In this paper a DFT-based method of smoothing or anti- 
smoothing of short road proliles is proposed as an altemative of 
using conventional linear fili:ering, polynomial approximation or 
spline approximation. The method is based on fitting the 
measured road profile with a sub-harmonic sinusoidal function. 
A smooth detrended and artificially prolonged profile is obtained 
with a period four times the observation length. This transfonned 
profile is well suited for circular filtering by the aid of DFT 
processing. Due to the avoidance of Gibbs phenonienon 
contamination of the short wavelengths content of tlie profile is 
avoided. But the result at longer wavelengths are dependent on 
the chosen sub-hamonic fimction. The method has shown 
excellent results in removing large trends in short road profiles 
measured in hilly regions. Further improvement of the proposed 
method may be expected e.g. by fitting more sub-haniionics in 
order to smooth higher order derivatives. 
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